One of the primary goals of nonlinear terahertz (THz) spectroscopy is to use THz pulses to dynamically control specific parameters of a material on an ultrafast timescale [1, 5, 16, 17]. Dramatic progress over the past decade has made it relatively straightforward to generate intense, phase-stable single-cycle THz pulses from commercially available ultrafast lasers (see [18][19][20] and the references within). Still, to achieve this goal, it is critical to combine THz excitation with methods for directly visualizing the resulting ultrafast dynamics. This was previously done using x-ray FELs, which have made it possible to track structural changes with femtosecond time resolution [21]. However, these experimental capabilities are complex and not readily accessible, motivating the development of simpler table-top methods that can provide comparable, sometimes superior, insight into ultrafast structural dynamics. For example, the ability to selectively track THz-induced dynamics at surfaces (difficult with x-ray-based techniques) is especially rel-2 evant for studying topological insulators (TIs), materials that are bulk insulators, but have a conducting surface state with a Dirac cone band structure [11, 12]. THz time-domain spectroscopy has already shown the ability to separately measure the linear response of the surface and bulk states in TIs (e.g., in Bi 2 Se 3 ) [22][23][24], revealing both a Drude response and an infrared (IR)-active phonon. These low energy excitations play an important role in the high mobility, spin-polarized surface currents characteristic of TIs, with numerous applications in optoelectronics and spintronics [11, 13], but their nonlinear response is still relatively unexplored.
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A powerful approach for addressing this is to probe the THz-driven response with optical second harmonic generation (SHG). Much like x-ray diffraction (XRD), the rotational anisotropy of the SHG signal, or its intensity as a function of the crystal orientation, yields information about the lattice, electronic and magnetic symmetries of a crystal [6, 7, 25] . However, SHG also provides surface and interface selectivity in crystals with bulk inversion symmetry, where the bulk contribution to the SHG signal, but not the surface or interface contributions, vanishes [8] . Previous work demonstrated that static optical SHG is indeed a probe of the surface in Bi 2 Se 3 [9] . Furthermore, temporally resolving the SHG signal after optical excitation made it possible to separately track carrier [26] and phonon dynamics [10] at the surface and in the bulk, revealing distinct responses.
Here, we demonstrate a unique approach for understanding and controlling THz light-matter interactions by combining resonant excitation of a polar phonon mode with optical SHG. In the TI Bi 2 Se 3 , the resulting dynamic symmetry changes lead to a large (up to ∼50%) modulation of the SHG signal that consists of two components: one that originates from the surface, oscillating at the phonon frequency (ν p = 1.95 THz), and another at 2ν p = 3.9 THz that comes from tran-sient phonon-induced symmetry breaking in the bulk. Finally, we coherently control the phonon oscillations by tuning the time delay between a pair of driving THz pulses, enabling us to either increase or decrease the oscillation amplitude. More generally, our combination of THz excitation with SHG probing represents a new approach for directly driving structural dynamics through low energy excitations and probing the resulting ultrafast response using nonlinear optics.
The Bi 2 Se 3 sample used in these experiments was a 25 nm thick film, deposited by molecular beam epitaxy on a (0001) sapphire substrate [27] . The Fermi level in this sample is slightly above the bulk conduction band minimum. Fig. 1a shows a schematic of our THz-pump, SHGprobe experimental setup (more details are provided in Methods). The THz beam (peak E-field ≈150 kV/cm) is p-polarized and focused tightly at the Bi 2 Se 3 sample with an incident angle of θ = 30
• . After a time delay τ (relative to the peak of the THz pulse), a co-propagating and colinearly polarized 1.55 eV (800 nm) probe pulse arrives, and the p-polarized component of the reflected 3.1 eV (400 nm) SHG signal produced at the sample is collected with a photomultiplier tube (PMT). We can then measure the photoinduced symmetry changes after THz excitation by measuring the SHG signal while rotating the sample about the azimuthal angle, φ. Finally, we note that all of the measurements shown here were performed at room temperature, but data taken at lower temperatures was consistent with these results (see the supplemental information).
We began by blocking the THz pump beam to characterize the static SHG pattern, I 2ω (φ), of our Bi 2 Se 3 sample (Fig. 3a , with more detail in the supplemental information), confirming that the pattern corresponds to C 3v symmetry, in good agreement with previous measurements on single crystals [9] . We then characterized the linear THz response of our Bi 2 Se 3 film (Fig. 1b) . This also we note that the THz-induced change in the SHG signal is extremely large, reaching ∼50% of the static SHG intensity. comparison. Finally, to better interpret these experiments, we also measured the dependence of ∆I 2ω on the magnitude of the incident THz E-field E T Hz (t), which is plotted in Fig. 3b . This shows that the ν p component depends linearly on E T Hz (t), while the 2ν p component depends quadratically on E T Hz (t).
The most compelling observation from these figures is that resonantly driving the E 1 u phonon with a THz pulse causes the SHG intensity to oscillate in time at frequencies of ν p and 2ν p , with their relative amplitudes depending on φ (Fig. 2d) phonon then changes the surface crystal symmetry, which should transiently modify the surface SHG. However, the intense THz field also penetrates into the bulk, breaking inversion symmetry and potentially "turning on" SHG there when the lattice ions are displaced from equilibrium by the phonon excitation.
For more insight, we consider the nonlinear polarization at 2ω, P 2ω , where ω corresponds to 1.55 eV and 2ω to 3.1 eV, in the presence of the THz E-field:
Just as in static E-field induced SHG, the THz-field-induced changes can be described as a fourwave-mixing process that depends on the third order nonlinear susceptibility χ 
Eq. 2 consists of two terms, one linear and one quadratic in the amplitude of E T Hz , much like the data shown in Fig. 3b . As with the linear susceptibility, χ (3) can be decomposed into a sum of resonant and non-resonant contributions [6, 31] , which at THz frequencies in Bi 2 Se 3 are the phonon and Drude responses given by χ
phonon and χ
Drude , respectively (plus a constant originating from higher frequency optical transitions). Since E T Hz is resonant with a phonon mode (which is unique to our experiment), the phonon contribution to χ (3) will dominate the nonlinear response. χ (3) in Eq. 2 can then be written as a product of four linear susceptibilities at each of the relevant frequencies as follows [6] :
A is the anharmonicity and χ (1) phonon is the phonon contribution to the linear THz susceptibility, excluding the Drude response (i.e., the low frequency tail in Fig. 1b ). This enables us to conclude that the spectral shape of χ (3) E T Hz (from Eq. 2) will follow χ and thus has both a DC component as well as an oscillatory component at 2ν p . This is consistent with the spectra shown in Fig. 2b . These two terms therefore correspond to the ν p and 2ν p components in our pump-probe measurements, respectively (Figs. 2 and 3). For more information on this derivation, see the supplemental information.
A more detailed understanding of the physical origin of these two terms comes from considering that the linear contribution contains χ (2) , which is zero in the bulk. Therefore we conclude that this component comes only from the surface. However, the second term depends only on χ (3) , which is non-zero in the bulk and thus must originate from the entire thickness of the film. This is the transient bulk contribution to the SHG discussed above, occuring when the photoexcited phonon breaks inversion symmetry. Eq. 3 also gives two reasons for the large magnitude of our THz-pump, SHG-probe signal: one, because the linear susceptibilities at 1.55 and 3.1 eV are very large (the dielectric constant ǫ at 1.55 eV and 3 eV is ∼ 29 from the supplemental material in [9]), and second, because the resonance at 1.95 THz substantially increases χ (1) (ω T Hz ).
The symmetry of the THz-induced SHG changes shown in Fig. 3a is consistent with that expected from the phonon. This can be seen from the schematic depicting the E We can coherently control the E (Fig. 4a) . Choosing instead τ T Hz =500 fs causes both THz pulses to drive the phonon oscillations in phase with one another, leading to an increase in the oscillation amplitude (Fig. 4b) . We note that the oscillations do not completely cancel out (Fig.   4a ) or double in amplitude (Fig. 4b ) since the two THz pump pulses do not have exactly the same time-domain waveforms and the phonon coherence time is finite. However, arbitrary control of the lattice vibrations could be achieved using a THz pulse shaper to produce an arbitrary amplitude, phase and polarization [5, 32] .
Finally, we note that although these measurements were performed on a topological insulator, they reveal THz-driven phonon dynamics at the surface and bulk, and contain no apparent signature of the surface conducting state. In summary, we used intense THz pulses to resonantly drive a specific phonon mode and probed the resulting structural dynamics with SHG in the topological insulator Bi 2 Se 3 . This revealed a novel nonlinear optical effect in Bi 2 Se 3 , manifested through an extremely large time-dependent modulation of the SHG signal at the phonon frequency, due to dynamic symmetry changes at the surface. A second component, oscillating at twice the phonon frequency, originates from the photoexcited phonon breaking inversion symmetry in the bulk and transiently allowing SHG. Finally, we also demonstrated coherent control of the phonon oscillations using a pair of THz excitation pulses.
More generally, this work introduces a new, table-top experimental approach for performing nonlinear THz spectroscopy, which, because of the sensitivity of SHG to atomic scale symmetry, is applicable to a wide range of systems. For example, in the absence of a phonon resonance, THz field-enhanced SHG could be used to measure the surface conductivity, useful for confirming the existence of TI states. THz excitation could also make it possible to optically modulate a TI surface state by exciting specific phonon modes with the needed symmetry. In addition, using a THz pulse to excite phonons at the interface of a ferromagnet and a TI could be used to tune the interfacial coupling. Since SHG can also probe magnetic and ferroelectric order [6, 7, 25] , combining it with THz excitation is useful for understanding and optically controlling the coupling between different order parameters in correlated electron systems [30] . Finally, this method is also potentially useful for studying catalysis, where the combination of THz and SHG can provide a surface sensitive chemical fingerprint to monitor and possibly control reaction dynamics at the catalytic surface or nanoparticle.
Methods
THz-pump, SHG-probe experiment. The THz excitation pulses were generated by optical rectification of ∼ 45 fs pulses produced by a 1 kHz Ti:sapphire amplifier with a center frequency of 1.55 eV in a GaSe crystal (dimensions = 15 x 15 x 0.5 mm) at normal incidence. With a 25 mm focal length off-axis parabolic (OAP) mirror, we achieved a ∼ 200 µm spot size for the THz pulse at the Bi 2 Se 3 sample. The resulting peak THz E-field at the sample position was estimated to be ∼ 150 kV/cm, from both electro-optic (EO) sampling measurements in a 100 µm thick ZnTe crystal (see [18] for more details), and by measuring the average power with a pyroelectric detector. The reference THz E-field measurement shown in Fig. 2c-d was done using THz E-field enhanced SHG (TFISH) (see [29] and its references) by replacing the Bi 2 Se 3 sample with an undoped GaAs wafer. The TFISH measurements revealed pulse shapes consistent with that measured with EO sampling, but were more convenient to make in our THz/SHG setup.
Note that this means that the exact time delay between the E T Hz (t) waveform measured on the GaAs wafer and the ∆I 2ω signals measured on Bi 2 Se 3 is not known. The susceptibility shown in Fig. 1(b) was measured using THz time-domain spectroscopy. The second THz pulse used in Fig. 4 was derived from a second 1.55 eV beam and GaSe crystal, and it propagated parallel to the original THz pump pulse, but was horizontally displaced on the OAP so the two beams overlapped at the focus on the sample. The optical SHG probe pulse also came from the same 1.55 eV laser and propagated through a 1 mm hole in the back of the OAP. At the sample, it had a spot size slightly less than These can be directly compared to the curves of Fig. 1 in ref. [1] . These measurements were made at 300 K.
The THz-pump, SHG-probe measurements (∆I 2ω ) shown in the main text were also performed at different temperatures between 300 and 10 K. The results at 10 K are shown in Fig. S2 . Since we could not rotate the crystal within the cryostat at lower temperatures, we instead measured the input polarization (ρ) and pump-probe delay (τ ) dependences of ∆I 2ω . It is more difficult to extract the pump-induced symmetry change from the ρ dependence, so in the main text we present only the room temperature data, where we were able to rotate the crystal. Nevertheless, the low temperature data shows the same features seen at room temperature. It also shows oscillations in ∆I 2ω following the phonon frequency ν p as well as at 2ν p , which are lower in frequency (ν p =1.95 THz at 300 K and 1.87 THz at 10 K) and spectrally narrower at 10 K compared to 300 K, consistent with static transmission measurements (see, e.g., ref. [3] for the temperature dependence of the phonon absorption). The same linear and quadratic dependence of the ν p and 2ν p terms, representing surface and bulk contributions, respectively, was also seen down to 10 K (see Fig. S2d ). 
Simulating the nonlinear THz response from the linear susceptibility
As discussed in the main text and following these references [4, 5] , the third order nonlinear susceptibility χ (3) is a sum of resonant and non-resonant contributions. In this context, at THz frequencies we refer to the resonant contribution as χ 
Drude , are comparable in size [6] , the resonant contribution to χ (3) is typically an order of magnitude or more larger near a resonance [4] .
Therefore, the THz-driven change in the second harmonic signal ∆I 2ω , described in Eqs. 2-3 in the main text, is dominated by the χ THz pulse spectral width, and also that the linear susceptibilities at ω and 2ω are slowly varying, the spectral shape of χ
phonon E T Hz will follow that of χ
phonon .
To show that this is indeed the case, we extracted the Drude and phonon contributions from the total χ (1) , which was determined from a linear THz transmission measurement at 300 K, as shown in Next, to simulate ∆I 2ω , we take the product χ 
